Background: The combined dose response effects of pregnancy cigarette smoke exposure on childhood overweight, obesity and short stature have not been reported. Method: A community based cross-sectional survey of 3038 children aged 5-11 years from 15 primary schools in Merseyside, UK. Self-completed parental questionnaires were used for family characteristics, socio-economic status and parental smoking practices. Children were measured for height and weight and z-scores calculated for parental smoking categories. Results: Of 689 (34.0%) mothers who smoked during pregnancy 50.5% smoked ten or more cigarettes daily (heavy smokers). Children of maternal non-smokers had prevalence estimates for overweight, obesity and short stature of 25, 9.6 and 3.2%, respectively. Prevalence estimates were higher in children of mothers who were heavy smokers during pregnancy, 31.5% (P = 0.001), 15.6% (P < 0.001) and 5.5% (P = 0.001), respectively. Mean height for age z-scores was lower among heavy maternal (P < 0.001) and paternal smokers (P < 0.01) compared to non-smokers. Childhood overweight, obesity or short stature were all associated with heavy maternal smoking during pregnancy (all P < 0.001). Mean body mass index (BMI) z-scores were higher in boys of mothers who smoked (P = 0.043). The adjusted odds ratio for short stature in children of heavy maternal smokers was 2.76 (95% CI 1.21-6.33) and 4.28 (1.37-13.37) if both parents were heavy smokers. The adjusted OR for obesity in children of maternal smokers was 1.61 (1.19-2.18). The population attributable risk for short stature was 8.8% (1.1-22.7) for heavy maternal smokers. Conclusion: A dose-response association was observed between pregnancy smoking exposure, short stature and obesity. 
Introduction

M
aternal smoking during pregnancy is a common problem in industrialized countries and increases the risk for intrauterine growth restriction, preterm birth and subsequent health problems in childhood.
1,2 Among women smoking prevalence was 32% in the North West of England 3 and prevalence had risen among pregnant adolescents since 2000. 4 Heavy smokers mostly belong to those aged 20-40 years. 5 This high prevalence of pregnancy smoking has important consequences for child health. It has been associated with childhood obesity in studies from Japan, Australia, UK, Germany, USA and Brazil as well as with reduced height growth. 6, [7] [8] [9] [10] There is also evidence for a dose response association of maternal smoking with linear growth reduction in children. 10 The mechanisms to explain these findings are poorly understood and probably involve an influence of cigarette smoke adducts on the foetal-hypothalamic axis. These mechanisms might independently influence obesity risk and/or linear growth, and separate mechanisms may be responsible for different anthropometric consequences. In view of this it is important to assess the combined as well as the separate effects of pregnancy smoking on obesity and short stature. Previous studies have not adequately distinguished these effects.
The aim of the present study was to assess the magnitude of these combined risks in relation to dose responses effects as a basis for implicating potential causal mechanisms.
Methods
Subjects and methods
Cross sectional surveys were conducted in 1998 and 2006 totalling 3038 children attending 15 primary schools (5-11 years) in Merseyside, UK. These schools comprised a group of schools which had been studied since 1991 as part of a series of sequential surveys of the health of children from the same low socio-economic areas of Merseyside. [11] [12] [13] [14] Previously parental compliance with questionnaires had been high and it was known parental smoking prevalence was high. 4 The sample size for the 1998 and 2006 surveys was dictated by the number of school children currently registered in the selected 15 primary schools which had been studied sequentially since 1991. It was assumed that useable data would be available from a minimum of 500 mothers who smoked during their pregnancy and 500 mothers who did not smoke during their pregnancy. Samples of this size provide just under 90% power to detect outcome factors (e.g. obesity risk) with an odds ratio of 1.50 or greater-that 2010 is to detect factors associated with increased risk of !50%. All school registered children were invited to participate following written informed parental consent. As the second survey was conducted 8 years after the first, this ensured no child was included in both surveys. In the two surveys the same parental questionnaire was used and data from both surveys was included in the analysis.
The questionnaire was distributed to parents by class teachers and information on child age and sex, birth outcomes (pre-term birth and low birthweight), socioeconomic status and parental smoking practices was obtained. Information on the number of cigarettes smoked and duration of smoking was collected. A reminder letter and questionnaires were forwarded to parents if no response was received in the initial distribution. Questionnaires were delivered to schools and surveys completed concurrently in South Sefton, Waterloo, Netherton and Bootle (north and east of the Mersey estuary) and Wallasey (south of the Mersey estuary). Children returned questionnaires during the following two week period. Repeat visits to schools were made by a research worker for absentees.
The questionnaire included questions on factors related to risk of preterm delivery including maternal and paternal socio-economic factors, employment status and smoking of either parent during the pregnancy. The 2006 survey included a question on alcohol consumption in pregnancy addressed by the question 'Did the mother take any alcoholic drinks during the pregnancy of this child?' This question on alcohol consumption was included because alcohol is associated with foetal growth restriction which could translate to altered post-natal growth patterns. 15 The birth weight of the child was requested and preterm delivery was defined according to the parental response to the question 'Was your baby born prematurely?' The weight and height of children whose parents had completed the questionnaire were measured. Children were asked to remove shoes and heavy garments. Height was measured to the nearest millimetre using a Minimeter (Raven Equipment Ltd) and weight was measured to the nearest 100 g using electronic scales (Seca). Children who were absent from class during the anthropometric survey was seen subsequently at a repeat visit.
Definitions used for analysis
A body mass index (BMI) z-score >1.04 (>85th centile) was defined as overweight and >1.64 (>95th centile) as obese. 16 Short stature was defined as a child height for age z-score less than À2 standard deviations. 17 Children were defined as low birthweight if <2.5 kg at delivery and pre-term according to the parental response to the prematurity question. 14 Ascertainment of prematurity by the question 'Was your baby born prematurely?' is dependent on the mother's knowledge and understanding of gestational age at delivery, which may have been explained in a number of ways by the attending doctor or nurse. The validity of the answers is supported by the observation that distribution of birthweights in this population was comparable to reference percentiles and supports the validity of parental recall of birthweight values. 14 Pregnancy smoking was defined as mothers who smoked at least one cigarette a day during pregnancy in response to the question 'Did the mother of this child smoke during pregnancy?' Dose of smoking was based on the question-'How many cigarettes did you smoke a day?' Heavy pregnancy smoking was defined as women who smoked >10 cigarettes per day, light smoking as mothers who smoked less than this amount, and non-smokers as mothers who reported no smoking at any time during their pregnancy. The cut-off value of 10 cigarettes per day was adapted in the present study as this value has been used in previous reports. 10, 18, 19 socio-economic status was assessed by quartiles of the Townsend Deprivation Index which is derived from household post codes and is based on overcrowding, car ownership, home ownership and unemployment. The score ranges from À6 to +12 with values below zero indicating better and above zero worse socio-economic status. 20, 21 The analysis was based on the combined data for the two surveys. The prevalence of overweight, obesity and short stature associated with parental smoking was calculated.
Statistical methods
SPSS version 17 was used for all the analysis. BMI (wt/ht
2 ) and anthropometric z-scores were calculated for the child's age and sex using Epi Info Nutrition version 6, which uses the 2000 NCHS reference growth data. A univariate procedure was used to check central tendency and variation of continuous variables (age, birth weight, weight and height). Means, SDs and 95% CI were calculated for all continuous variables. Cross-tabulation tables were created between dichotomous outcomes (presence or absence of pregnancy cigarette smoke exposure) and the potential predictors that were categorical variables. Chi-square test or Fisher's exact test statistics were computed and the student t-test used for comparison of means. Multiple logistic regression models with a backward stepwise method were used to estimate adjusted odds ratios for predicting overweight, obesity or short stature. Variables included in the model were those with P < 0.2 in the univariate analysis: pregnancy smoking category, household socioeconomic status, sex of the child and low birthweight. In the 2006 survey, alcohol use in pregnancy was also included in the model. Population attributable risk (PAR) was calculated by Prev exp (RRÀ1)/Prev exp (RRÀ1) + 1, where Prev exp is the prevalence of the outcome and RR the relative risk. The adjusted odds ratio was used instead of the relative risk to give a better result of the outcomes.
Approval for the study was provided by the Ethics Committee of the Royal Liverpool Children's Hospital, NHS Trust, AlderHey.
Results
The number of children excluded because maternal smoking response was not recorded was 92 in 1998 Maternal smokers were more likely to live in lower socio-economic households (P < 0.001), deliver a female child (P < 0.001), with lower mean birth weight (P = 0.004), lower height for age z-score (male P < 0.001; female P = 0.04) and higher BMI z-score (male P = 0.043; female P = 0.39), (table 2) . About a third of children were from single parent families and this proportion did not differ by maternal smoking status. There was a higher prevalence of obesity in males (P = 0.029) and females (P = 0.014) in children whose mothers had smoked during their pregnancy. Families with missing paternal smoking data were not more likely to be single parent families than those who reported paternal smoking data, nor did mean BMI or height for age z-scores differ between families with and without paternal smoking data.
Anthropometric characteristics in relation to four parental smoking categories are summarized in Table 3 .These categories represent variable exposures during pregnancy including M+F+ (both parents smokers), M+FÀ (mother alone smoker), MÀF+, (father alone smoker) and (MÀFÀ) (both parents non-smokers). Mean birth weight was lower for both maternal smoker categories, compared to both maternal non-smoker categories (P < 0.01). Mean height for age z-scores were lower in children of M+F+ and M+FÀ parents compared to that for children whose parents were non-smokers (both P < 0.001).
Children whose mothers had only passive cigarette smoke exposure during their pregnancy (MÀF+) also had lower mean height for age z-scores compared to those of parents who were non-smokers (P < 0.01). Mean BMI z-score was higher in the two maternal smoker categories compared to parental non-smokers, but this difference was significant only for children in the M+FÀ category of smokers. Obesity was more frequent in both male and female children of mothers who smoked, whether or not the father smoked (P < 0.01). Overweight male and female children were more frequent in the M+FÀ category (P < 0.01). The proportion of families with Townsend scores above six (most deprived) did not differ significantly between the four comparative groups in table 3. Table 4 summarizes the unadjusted odds ratios for childhood obesity, overweight and short stature in relation to light or heavy parental smoker categories during the mother's pregnancy. Children of heavy maternal smokers had higher prevalence of overweight (P = 0.001), obesity (P < 0.001) and short stature (P = 0.001) compared to maternal non-smokers. Heavy paternal smoking was associated with higher prevalence of short stature (P = 0.009), but not overweight or obesity. When both parents were heavy smokers significant risk estimates for overweight, obesity and short stature were observed when compared to either parental non-smokers or light smokers (all P 0.001).
The logistic regression models for overweight, obesity or short stature included adjustment for socio-economic status, low birth weight, sex of the child, survey year and current household smoking. The odds of having short stature were 2.76 times more likely when the mother alone was a heavy smoker. This increased to 4.28 if both parents were heavy smokers (P = 0.012). The odds of obesity was 1.61 higher (P = 0.002) among children whose mothers smoked during their pregnancy, whether or not the father was a smoker. The PAR estimate for obesity in children of mothers who were smokers (heavy + light) was 8.2% (95% CI 2.7À14.7). PAR estimates for short stature were 8.8% (95% CI 1.1À22.7) (heavy smokers in mothers alone) and 20.1% (95% CI 2.9À50.0) (maternal and paternal smoking). The regression model for the 2006 survey alone, which also included data on maternal alcohol consumption in pregnancy in the model, did not change the significant outcomes identified in the model for the combined 1998 and 2006 survey.
Discussion
In this study children's weight and height between 5 and 11 years were related to cigarette smoke exposure during the mother's pregnancy. In the adjusted analysis childhood obesity was significantly associated with maternal smoking whether or not the father smoked during the mother's pregnancy, and short stature was between two to four times more likely with maternal smoking. These risk estimates translated into an almost 10% attributable risk for these outcomes related to pregnancy cigarette smoke exposure in this childhood population. There were similar odds ratios for short stature with maternal smoking alone in unadjusted and adjusted analyses. Although the odds ratio for short stature was reduced in the adjusted analysis from 11.53 to 4.28 this is still a substantially increased risk.
The observation of decreased mean height for age z-scores associated with maternal smoking is consistent with findings that children's height is related to post-natal parental smoking, 8 or to intra-uterine or infant exposures to cigarette smoke. 9 The observation of a gradation of effect on linear growth with a larger effect in children of mothers alone who were smokers, than when fathers alone smoked suggests that intra-uterine exposures are important and that these findings are not solely related to post-natal exposures. The associations were strongest with heavy maternal smoking suggesting that these were specific to maternal smoking. Maternal smoking during pregnancy was associated with a larger reduction in mean height for age and increase in mean BMI z-scores in males compared to females. A similar sex difference in height for age has been previously described. 10 This interesting finding may relate to in-utero hormonal effects. Maternal smoking during pregnancy is linked to high foetal testosterone and sex-specific differential associations with the 2D : 4D finger length ratio have been shown in boys. 22 Our findings of more significant anthropometric associations in male children of mothers who smoked during pregnancy is supportive evidence for a causal link in view of the consistency of the findings in male offspring across these studies.
The percentage variation in height for age score associated with smoking was small at $0.25 SDs, which is nearly double the estimate reported in an analysis of the UK National Study on Health and Growth undertaken in 1982. 10 The average growth deficit in the present study equated to $1.5 cm for children whose mothers were heavy smokers and using at least 10 cigarettes daily during their pregnancy.
General pathophysiological mechanisms to explain these findings include nicotine induced direct stimulation of the foetal hypothalamic-pituitary axis leading to increased ACTH, or abnormalities in fat cells resulting from disturbances in adipose tissue metabolism. 23 Several different specific foetal mechanisms could induce alterations in obesity risk and/or short stature. [24] [25] [26] These include: chronic changes in the proportion of body fat; altered central nervous system appetite control; altered pancreatic structure and function causing -cell dysfunction; 27, 28 altered in utero regulation of leptin and ghrelin responsive pathways; [29] [30] effects on catchecolamine synthesis 31 or expression or function of insulin receptors. 32 The extent of dysregulation would be expected to be dose related, as shown in this study, as heavier cigarette smoking is associated with greater foetal growth restriction. 33 A combination of these mechanisms is likely to contribute to these altered growth patterns.
Overweight prevalence in females was lower among families where the father alone was a smoker compared to families where both parents were non-smokers. This reduced risk associated with paternal smoking alone was not observed for male children, or for obesity for children of either sex. Cigarette smoke exposure during pregnancy is likely to be less in households where only the fathers smoke due to working practices which take the father outside the home. The influence of paternal smoking may be more likely to P-values compared with MÀFÀ: *P < 0.01; **P < 0.001 M+F+: Mother and father both smokers; M+FÀ: mother alone smoker; MÀF+: Father alone smoker; MÀFÀ: mother and father both non-smokers Pregnancy cigarette exposure, child stature and obesity 289 affect post-natal, than in uterine growth, through an effect on childhood appetite. 34 The analysis also showed an effect of cigarette smoke exposure in pregnancy on the foetal sex ratio with a significantly reduced frequency of male births in mothers who smoked during pregnancy. This differential effect of cigarette smoke exposure in pregnancy on the sex ratio of offspring has been recognized in previous studies in this UK population. 35 The mechanisms which explain this are likely to be distinct from those which influence intra-uterine growth regulatory pathways, but the association highlights the importance of including the sex of the child in the regression models.
Limitations of the present study include the absence of information on the physical activity of these children, dietary habits, parental stature and weight, and information on maternal metabolic gene polymorphisms, which have been shown to affect foetal growth due to a modifying effects of CYP1A1 and GSTT1 and GSTM1 polymorphisms on nicotine metabolism. 36 As these community cross-sectional surveys were originally established to monitor childhood respiratory health using a standardized questionnaire then, the addition of a detailed dietary/physical activity component would have altered the emphasis in the questionnaire and therefore was not included in these later surveys. Further studies should be undertaken to characterize these nutritional correlates.
The questionnaire response rate was lower in 2006 than in 1998 and as a consequence the 2006 survey was less representative of the school population. Bivariate stratification of results by response rates above and below 60% showed that all those below 60% were from the 2006 survey. For this reason the association of the response rate with anthropometric outcomes could not be determined independent of survey years. Information on parental smoking history relied on self reporting which could not be validated and which may have under-estimated true smoking behaviour due to a reluctance to disclose a known adverse pregnancy behaviour. There was no attempt to assess children's smoking behaviour or the duration of parental smoking, although for most parents smoking was very likely to have started before the child was conceived.
This study identifies the combined risks for overweight, obesity and impaired height growth in children of parents who smoked during the mother's pregnancy. The effects are substantial with heavy maternal smoking. The long-term consequences may be considerable highlighting the need for targeted efforts to reduce the paediatric impact of maternal pregnancy smoking. Data from School Child health surveys of height and weight should be more actively linked to data on parental smoking, and could be used to motivate parents to stop smoking by highlighting these growth effects.
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Key points
The study determined the combined dose response effects of pregnancy cigarette smoke exposure on childhood stature, overweight and obesity. Increased risks for overweight, obesity and impaired height growth were observed in children of parents who smoked during the mother's pregnancy. The effects were greater with heavy maternal smoking and in boys. The findings highlight the need for targeted efforts in this population to reduce the paediatric impact of maternal pregnancy smoking and the need for motivation of parents to stop smoking especially in pregnancy by highlighting these growth effects.
